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Abstract. We present results of non-simultaneous time-resolved photometric and
spectroscopic observations of the little-studied dwarf nova FS Aur in quiescence.
The spectrum of FS Aur shows strong and broad emission lines of hydrogen and
He I, and of weaker He II λ4686 and C III/N III blend, similar to other quiescent
dwarf novae. All emission lines are single-peaked, however their form varies with
orbital phase. Absorption lines from a late-type secondary are not detected. From
the radial velocity measurements of the hydrogen lines Hβ and Hγ we determined
a most probable orbital period P=0.d059 ± 0.d002. This period agrees well with
the 0.d0595 ± 0.d0001 estimate by Thorstensen et al. (1996). On the other hand,
the period of photometric modulations is longer than the spectroscopic period
and can be estimated as 3 hours. Longer time coverage during a single night is
needed to resolve this problem. Using the semi-amplitude of the radial velocities,
obtained from measurements of hydrogen and helium lines, and some empirical
and theoretical relations we limited the basic parameters of the system: a mass
ratio q ≥ 0.22, a primary mass M1 = 0.34 − 0.46M⊙, a secondary mass M2 ≤
0.1M⊙, and an inclination angle i = 51
◦
− 65◦. Doppler tomography has shown
at least two bright regions in the accretion disk of FS Aur. The first, brighter
spot is located at phase about 0.6. The second spot is located opposite the first
one and occupies an extensive area at phases about 0.85− 1.15.
Key words. accretion, accretion disks – stars: binaries: spectroscopic – stars:
cataclysmic variables – stars: individual: FS Aur
⋆ Based on observations made at the Special Astrophysical Observatory, Nizhnij Arkhyz,
Russia.
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1. Introduction
FS Aur was discovered and first classified as a dwarf nova by Hoffmeister (1949).
This little-studied system varies between aproximately V=15.m4–16.m2 in quiescence and
V=14.m4 in outburst. Optical photometry during quiescence was reported by Howell &
Szkody (1988) who found a modulation with period P=97±10 minutes, characteristic
for SU Uma - type stars. The long term light curve was analysed by Andronov (1991).
He found normal outbursts only with a probable interval between them of 12d and no
superoutburst. Therefore the SU Uma classification of this star is tentative.
Spectroscopic observations by Williams (1983) showed a typical dwarf nova spectrum
with strong emission lines of hydrogen and He I. Hα velocity variations with a period of
85.7±0.18 min have been reported by Thorstensen et al. (1996; TPST hereafter). No
other study of emission lines has been made for FS Aur. This motivated us to perform
time-resolved spectroscopy and photometry of FS Aur in order to study its properties in
more detail.
2. Observations and data reduction
2.1. Spectroscopy
The spectroscopic observations of FS Aur were obtained on January 18, 1996 with the
6 meter telescope at the Special Astrophysical Observatory. The SP-124 spectrograph
was used with a PHOTOMETRICS CCD, which has 1024×1024 pixels. The seeing was
around 2 arcseconds and we selected a slit width of 1.′′5. The spectra have a resolution
of 2.6 A˚, covering the range 4100-5000 A˚. About 1.5 orbital cycles were covered with
29 spectra of 200 sec long exposure (dead time between exposures was 30 seconds).
He-Ne-Ar lamp exposures were taken typically every 30 min.
The spectra were reduced in the standard manner. All CCD frames were debiased,
flat-fielded and wavelength calibrated using the MIDAS system. For the wavelength
calibration of the spectra, interpolation was used between neighbouring arc spectra.
The root mean square of the polynomial fits is ∼0.030 A˚. One-dimensional spectra were
extracted using the optimized algorithm proposed by Horne (1986). The resulting spectra
were reduced to an absolute flux scale by calibration with standard star G191b2, which
was observed in the same night. Note that substantial light losses at the slit edges occur.
Therefore, our data cannot be used to obtain the absolute fluxes though the obtained
fluxes are good to approximately 10%. In view of this, from now on we shall use spectra
normalized to the continuum.
V.V. Neustroev: Time-resolved spectroscopy and photometry of FS Aur 3
                                        
                                        
                                        
                                        
                                        
                                        
                                        
                                        
4200 4400 4600 4800 5000
1
2
3
4
 
F λ
 
(10
-
15
er
g 
cm
-
2  
s-
1  
Å-
1 )
Wavelength (Å)
1
2
 
 
R
el
at
iv
e 
in
te
n
sit
y
 
 
Fig. 1. The single typical normalized spectrum (top panel) and the average spectrum
(bottom panel) of FS Aur. The mean spectrum is an average of all spectra, corrected for
wavelength shifts due to orbital motion.
2.2. Photometry
The photometric observations were obtained with the 1 meter telescope at the Special
Astrophysical Observatory (Nizhnij Arkhyz, Russia), using a 1024×1024 CCD camera.
31 exposures in the V filter with 180 seconds integration time were obtained on February
12, 1997. The total observation time was more than 2 hours. Additional V-band CCD
observations were carried out on October 11, 1997 during 4 hours using the same telescope
with a 530×580 CCD camera. A total of 34 frames were recorded with an integration
time of 300 sec.
All CCD images were debiased and flat-fielded using the MIDAS system. We calcu-
lated magnitudes of the source with respect to several “comparison” stars within the field
of view from Misselt (1996), using aperture photometry (we used standard stars C1, C3
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Table 1. Equivalent width (EW), Full Width at Half Maximum (FWHM), Full Width
at Zero Intensity (FWZI) and Relative Intensity of the major emission lines
Spectral line EW FWHM FWZI Relative
(A˚) (km s−1) (km s−1) Intensity
Hβ 23.2 950 3900 2.16
Hγ 21.7 1000 3500 2.03
Hδ 14: 1000 3500: 1.81
He I λ4471 6.7 1100 2700 1.36
He I λ4713 1000 1.10
He I λ4921 3.4 1050 2500 1.18
He II λ4686 6.4 1300 3500: 1.29
C III/N III λ4650 1.9 1270: 1.10
and C4). The differences between daily averages of the differential magnitudes (C1–C3,
C4–C1, C4–C3) were within 0.01 mag during our observational runs.
3. Data analysis and results
3.1. The average spectrum
The single typical spectrum and the average spectrum of FS Aur are shown in Fig. 1.
The mean spectrum is an average of all spectra, corrected for wavelength shifts due to
orbital motion. The spectrum is typical for a dwarf nova. It is dominated by strong and
broad emission lines of hydrogen and neutral helium. In addition to them He II λ4686
and weak C III/N III blend are observed also. All emission lines are single-peaked. The
Balmer decrement is flat, indicating that the emission is optically thick as is normal in
dwarf novae. There is no evidence of a contribution from a late-type secondary star. The
equivalent width, FWHM, FWZI, and Relative Intensity of the major emission lines are
presented in Table 1.
3.2. Emission lines variations
In order to increase the signal to noise ratio of the spectra we have phased the individual
spectra with the orbital period, derived in the next section, and then co-added the
spectra into 15 separate phase bins. Fig. 2 shows the Hβ profiles from some of the
obtained spectra. We note a broad base component and a less narrow line component
which is present throughout the orbital cycle. There are orbital variations in the line
profiles. But whereas the narrow component remains practically symmetric throughout
the orbital cycle, on the blue wing of the broad component at phases about 0.75 – 0.9 a
hump appears. A similar behavior is observed for all lines, but most notably for Hβ .
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For a more accurate examination of the profiles for asymmetry we calculated the
degree of asymmetry of all profiles as the ratio between the areas of the blue and the
red parts of the emission line. This parameter is very similar to the V/R ratio for
double-peaked emission lines. It strongly depends on the wavelength range of the line
wings which was selected for calculation of the degree of asymmetry. Choosing a greater
wavelength range, we can analyze the farther line wings.
We calculated the degree of asymmetry for two values of the wavelength range of
the line wings, and plotted this parameter as a function of orbital phase (left-hand
frame of Fig. 3, upper panel: for a wavelength range of 13 A˚, and lower panel: for a
wavelength range of 30 A˚). On the right-hand frame of Fig. 3 are shown some profiles
of the Hβ line with the marked wavelength range used for determination of the degree
of asymmetry. One can see that the central narrow line component indeed remains
practically symmetrical throughout the orbital period, showing only a slight skewness to
the right from time to time (Fig. 3, top). At the same time the broad base component
of the line shows strong variability, and it becomes most asymmetric at a phase of about
0.9 (Fig. 3, bottom). This variability seems to contain information on the structure of
the accretion disk and give evidence for an unusually located emission region.
3.3. Check of the period
Our photometric and spectral observations were carried out non-simultaneously and their
short duration does not allow us to make any reliable period search. However as until
now the orbital period of FS Aur was based only for spectral data (TPST), we have
decided to check, if our photometric data agree with spectral period.
Both our 2.1-hour and 4-hour light curves in the V-filter (Fig. 4) clearly show
medium-amplitude (0.m3) variations, although the flickering makes the light curves noisy.
Although one can see a constant difference between two curves but their the shapes re-
main similar. However no periodic modulations with spectroscopic period were detected,
and this the period of photometric modulations should be at least 3 hours.
As we detected a discrepancy between the photometric modulation period and the
Hα velocity variations period (from TPST), we decided also to check the spectral period
using our spectral data. To verify the orbital period we measured the radial velocities
in the Hβ and Hγ emission lines using a gaussian fit. To obtain an estimate of the
period, a sine curve fit was made to the velocities, giving P=0.d059 ± 0.d002 for Hβ
and Hγ (Fig. 5). This period agrees well with the 0.
d0595 ± 0.d0001 estimate by TPST.
Additional evidence for this period, though less reliable, comes from the cyclic variations
of the degree of asymmetry of the emission lines and their equivalent widths obtained
from individual spectra, which oscillate with the same period.
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Though we obtained different results based on photometric and spectral data, there
are no reasons to doubt the reliability of the orbital (spectroscopic) period. Previous
photometry of FS Aur over a 1.8-hour time span showed a 0.m15 modulation in the B-
filter with a period between 87–105 min (Howell & Szkody 1988) that is consistent with
the spectroscopic period. Many CVs are known, for which the photometric behaviour
varies for a short time. It is necessary to perform longer photometric observations of FS
Aur during a single night to fully clarify this vagueness.
Note that henceforth we shall be using the period found by TPST because of its
higher accuracy.
3.4. The radial velocity curve
In cataclysmic variables the most reliable parts of the emission line profile for deriving
the radial velocity curve are the extreme wings. They are presumably formed in the
inner parts of the accretion disk and therefore should represent the motion of the white
dwarf with the highest reliability.
The velocities of the emission lines were measured using the double-gaussian method
described by Schneider & Young (1980) and later refined by Shafter (1983). This method
consists of convolving each spectrum with a pair of gaussians of width σ whose centers
have a separation of ∆. The position at which the intensities through the two gaussians
become equal is a measure of the wavelength of the emission line. The measured velocities
will depend on the choice of σ and ∆, and by varying ∆ different parts of the lines can
be sampled. The width of the gaussians σ is typically set by the resolution of the data.
We have measured the velocities in our binned spectra for the four emission lines
(Hβ , Hγ , He I λ4471 and He II λ4686) separately in order to test for consistency in the
derived velocities. We measured the radial velocity using gaussian separations ranging
from 50 km s−1 to 3200 km s−1. All measurements were made using σ = 200 km s−1
and σ = 300 km s−1. For each value of ∆ we made a non-linear least-squares fit of the
derived velocities to sinusoids of the form
V (t,∆) = γ(∆) +K(∆) sin [2pi (T − T0 (∆)) /P + pi] (1)
where γ is the systemic velocity, K is the semi-amplitude, T0 is the time of inferior
conjunction of the secondary star and P is the orbital period. The resulting “diagnostic
diagram” for Hβ and Hγ with σ = 200 km s
−1 is shown in Fig. 6. The diagram shows
the variations of K, σ(K)/K (the fractional error in K), γ and T0 with ∆ (Shafter et al.
1986). The diagram for σ = 300 km s−1 looks the same.
To derive the orbital elements of the line wings we took the values that correspond
to the largest separation just before σ(K)/K shows a sharp increase (Shafter & Szkody
1984). Note that the dependence of parameter σ(K)/K on Gaussian separation for both
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Table 2. Elements of the radial velocity curves of FS Aur
Emission γ-velocity K1 T0
line (km s−1) (km s−1) (HJD)
Hβ 46±7 73±10 2450101.264±0.001
Hγ 68±11 73±15 2450101.265±0.001
He I λ4471 113±10 81±15 2450101.263±0.002
He II λ4686 50±21 69±29 2450101.265±0.004
Mean 52±7 73±8 2450101.264±0.001
hydrogen lines is very similar (Fig. 6). For Hβ it appears that ∆ can be increased to
∼1500 km s−1 before σ(K)/K begins to increase. Similarly, the optimum value of ∆ for
Hγ probably lies near 1300 km s
−1. Referring to the diagnostic diagram, the K values
for Hβ , Hγ , He I λ4471 and He II λ4686 are 73, 73, 81 and 69 km s
−1, respectively. The
measured parameters of the best fitting radial velocity curves are summarized in Table 2.
In Fig. 7 we show the radial velocity curves of Hβ and Hγ emission lines.
Basically, the radial velocity semi-amplitudes of the Balmer and Helium lines are con-
sistent, while the γ-velocities are not. The reason for this is unknown. In the discussion
to follow we will adopt a mean value of K and T0 for these lines (using the σ(K) and
σ(T0) as a weight factor): K=73±8 km s
−1 and T0(HJD)=2450101.264±0.001.
3.5. Equivalent width
We measured the equivalent widths of the Hβ emission line in all individual spectra. They
were investigated for a modulation with orbital period (Fig. 8). The errors have been
obtained by calculating standard deviations from several independent measurements of
the same lines.
Though the obtained equivalent widths exhibit rather significant dispersion, none the
less one can see their modulation with orbital period. It is especially a noticeable on the
smoothed graph which was obtained by averaging adjacent data points (filled circles with
dotted line on Fig. 8). We found that the EW is modulated with amplitudes not less
than 25% of the mean value. We can confidently assert that there is a broad minimum in
the EW around phase 0.1, and probably there is a secondary minimum near phase 0.6.
The observed minima could be due to an increase in the continuum luminosity when
the enhanced emission region crosses the line-of-sight. If this is so then Fig. 8 testifies
about complex and unusual accretion structure in FS Aur.
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3.6. Possible system’s parameters
It is impossible to measure the components masses and the orbital inclination in a non-
eclipsing, single-lined spectroscopic binary like FS Aur. However, we can determine
preliminary values for the basic system’s parameters, using the assumption that the sec-
ondary is a zero-age main-sequence (ZAMS) star (Patterson 1984) and that the secondary
fills its Roche lobe. First of all, from our spectroscopic and photometric data we can
limit the range of possible solutions.
Our observations reveal no evidence for eclipses, so we expected the inclination to be
less than 65◦. Now, from the mass function for the system:
M2 sin
3 i
(1 + q−1)2
=
PK3
2piG
(2)
and any mass-period relations for the secondary stars we can obtain a lower limit to the
mass ratio. At using of any of the recently obtained empirical relations (see, for example,
Caillault & Patterson 1990, Warner 1995, Smith & Dhillon 1998) we obtain a mass for
the secondary less than 0.1M⊙. Now, using Eq.(2) we find q > 0.22 and, consequently,
M1 < 0.46M⊙.
Also we can place a stringent lower limit onM1, assuming that the largest velocity in
the emission line profile (FWZI/2) does not exceed the Keplerian velocity at the surface
of the white dwarf:
(
FWZI
2 sin i
)2
R1
G
< M1 (3)
FWZI is not a well defined quantity because of the difficulty in establishing where the
high velocity line wings end and the continuum begins. Besides, extensive wings due
to Stark broadening can produce a spurious enhancement of emissivity at small radii.
However, for the time being we assume that Stark broadening is not significant. The
Balmer data show that the line wings extend to at least 1750 km s−1 from the line center.
Using FWZI/2 = 1750 km s−1, inclination angle i < 65◦ and the mass-radius relation
for white dwarfs (Hamada & Salpeter 1961),
R1
R⊙
= 0.0072
(
M1
M⊙
)
−0.8
, (4)
we obtained M1 > 0.34M⊙. And finally, using the last constraint on M1 and Eq.(2),
we can obtain a lower limit to the inclination: i > 51◦. Table 3 summarizes all our
calculated parameters.
4. Doppler tomography
The orbital variation of the emission lines profiles detected by us indicates a non-uniform
structure of the accretion disk. The distribution of the disk’s emission can be explored by
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Table 3. Adopted system’s parameters for FS Aurigae
Parameter Value
T0 (Spectroscopic Phase 0.0) 2450101.264±0.001
Primary mass M1 (M⊙) 0.34 – 0.46
Secondary mass M2 (M⊙) ≤0.1
Mass ratio q = M2/M1 ≥0.22
Inclination i 51◦– 65◦
computing a Doppler map, using the method of Doppler tomography. Doppler tomogra-
phy is an indirect imaging technique which can be used to determine the velocity-space
distribution of the emission in close binary systems. A tomogram is constructed from
the line profiles obtained at a variety of orbital phases. In other words, the Doppler map
accumulates information about all profiles of the emission line in different phases of an
orbital period. An accretion disk producing usually double-peaked emission lines should
appear on the tomogram as a ring with an inner radius of Vin ∼ 600− 800 km s
−1, plus
additional emission that can be seen extending outward from the ring to a velocity of
over Vout ∼ 1200 km s
−1 or more corresponding to the rest of the disk. This is because
the outer edge of the disk becomes the inner edge in velocity coordinates, while the inner
disk is represented by the outermost parts of the image. But we can also obtain single-
peaked lines from the accretion disk. This can happen for many reasons, for example
insufficient spectral resolution, a small inclination angle of the binary system, some line-
broadening mechanisms. In this case the distribution of the emission on tomograms will
not be ring-shaped but circular. Full technical details of the method are given by Marsh
& Horne (1988) and Marsh (2001). Examples of the application of Doppler tomography
to real data are given by Marsh (2001).
The Maximum Entropy Doppler maps of the Hβ , Hγ , He I λ4471 and He II λ4686
emission were computed using the code developed by Spruit (1998). The resulting to-
mograms are displayed as a gray-scale image in Figs. 9 and 10. These figures also show
trailed spectra in phase space and their corresponding reconstructed counterparts. A
helpful assistance in interpreting Doppler maps are additional inserted plots which mark
the positions of the white dwarf, the center of mass of the binary and the Roche lobe of
the secondary star. These markers are necessary to us only for facilitation of the interpre-
tation of the tomograms, therefore the calculations of their positions can be done using
our preliminary system parameters obtained in Sect. 3.6. Here we have used q = 0.22,
M1 = 0.46M⊙ and i = 65
◦.
The Balmer Doppler maps display a roughly symmetric and very nonuniform dis-
tribution of the emission centered near the white dwarf. So, on the Hβ tomogram, in
addition to the symmetric distributed emission, at least two additional emission sources
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can be seen. The first, brighter enhanced emission component is roughly centered on
(Vx ≈ −100 km s
−1, Vy ≈ −260 km s
−1). The second occupies an extending area from
azimuths about 300◦ to 60◦ (the appropriate phase of the cross of the line-of-sight by this
bright region is about 0.85−1.15). The first spot is well visible also on the Doppler maps
of Hγ and He I λ4471: in the case of He I it is a primary radiating source. In addition,
the tomograms of Hγ and He II λ4686 show an emission ring with radius of about 225
km s−1, which is centered at (Vx ≈ 0 km s
−1, Vy ≈ −20 km s
−1). In the center of this
ring there is a compact bright spot, which in He II is a brightest radiating source.
The interpretation of the spot structure detected in the accretion disk is ambiguous.
Neither the first nor the second bright region can contribute to the emission from the
bright spot on the outer edge of the accretion disk, as both areas of additional emission
lie far from the region of interaction between the stream and the disk’s particles. The
brighter spot can be interpreted as due to an enhanced emission region located opposite
to the bright spot expected by the standard model. Earlier Mennickent (1994) has shown
that the bright spot region seems “to migrate” towards the back of the disk in systems
with low mass ratios. This “reversed bright spot” phenomenon can be explained by a
gas stream which passes above the disk and hits its back, or alternatively, by the disk
thickening in resonating locations. We will analyze the nature of the detected structure
of the accretion disk in the following section.
5. Discussion
5.1. System’s parameters
FS Aur is a non-eclipsing binary, so information on the system’s parameters is difficult
to obtain accurately. Usually for definition of the parameters of such systems some
empirical formulae are used. However, it should be noted that these assessments are
subject to unknown and potentially large errors and should be adopted with appropriate
caution. In the present paper we have decided to restrict ourselves only to estimation of
the parameters. To ensure some validation, we have used only stringent relations. So,
the mass-period relations for the secondary stars we have used also in the most facilitated
form. Thus we believe that the restrictions on the basic system parameters for FS Aur
obtained by us are correct, if the values of input data are correct too.
In this connection we pay attention to the obtained estimate of the mass of the white
dwarf which is quite small. We have estimated the primary mass to be less (and possibly
much less) than 0.46 M⊙, that is near to a lower limit of the observed range for white
dwarf masses in cataclysmic variables (Webbink 1990; Sion 1999)1. The estimate of
1 The mean mass estimate of 76 CV white dwarfs is MWD = 0.86M⊙ (Sion 1999). Webbink
(1990) also gives statistically average masses for all systems below the period gap: MWD =
0.61M⊙
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M1 depends strongly on the estimated K1 value. Let us discuss possible errors in the
definition of K1.
The definition of the semi-amplitude of the radial velocities of the emission lines,
really reflecting the orbital moving of a white dwarf, is a very complicated problem.
The contribution to a broad emission line can be introduced by many emission areas of a
binary system. For example, Balmer emission from the secondary star forms an additional
component in an emission line moving with semi-amplitude K1/q. This component upon
condition of small q can deform the line wings. Any nonhomogeneity of the accretion
disk can cause even greater distortion in the line profile.
In our case the contribution of the secondary to the Doppler maps is completely ab-
sent. At the same time, the Balmer and Helium emission is distributed very nonuniformly
(Figs. 9 and 10). In general, this factor affect the accuracy of the definition of K1, but
we hope that it has not occurred. Actually, though the areas of bright inhomogeneities
can be detected rather clearly on the Balmer tomograms, nevertheless they reach dis-
tances of no more than about 500 km s−1 from the center of the tomograms. We would
like to recall, that we tested the line profiles at 650–750 km s−1 from its center where
inhomogeneities became less noticeable.
On the other hand it is necessary to note that TPST have found a somewhat smaller
radial velocity semi-amplitude (K1 = 60 km s
−1). However they have noted that the
main aim of their research was the definition of the orbital period, and their values of K1
should not be used in dynamical solutions of the system. When we determined K1 we
adopted values of ∆ much smaller than FWZI. The dependence of parameter σ(K)/K on
the Gaussian separation for Hβ and Hγ lines is very similar (Fig. 6). It can be seen that
σ(K)/K decreases monotonically with increasing ∆. Having selected a greater value of
∆ we can of course obtain a smaller value of K1. However we cannot offer any convincing
reasoning for increasing ∆. It even seems undesirable to do so, as increasing ∆ will lead
us into the farther line wings, which are subject to contortion at some phases (Figs. 2
and 3).
Finally, it is necessary to pay attention to the emission ring, which is well noticeable
on the Hγ and He II tomograms. There is a temptation to connect it with the accretion
disk, and the bright spot in the ring center with the white dwarf. In this case it would
become possible to independently determine K1. Unfortunately, such a ring corresponds
to a too large accretion disk, which cannot lie in the Roche lobe of the white dwarf.
Thus we believe and hope that the value of semi-amplitude of K1 (and system pa-
rameters) obtained by us is correct. Nevertheless we consider, that new, longer and
better-quality observations are extremely necessary for a more precise definition of the
system parameters of FS Aur.
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5.2. Accretion disk’s structure
Another important result of this work is the spot structure detected in the accretion
disk of FS Aur. Doppler tomography has shown at least two additional bright regions in
this system. The first, brighter spot is located at phase about 0.6. The second spot is
located opposite the first and occupies an extensive area at phases about 0.85–1.15. The
detected spot structure of the accretion disk is confirmed by a dependence of equivalent
widths on orbital phase (Fig. 8). The observed minima of EW can be due to an increase
in the continuum luminosity when the enhanced emission region crosses the line-of-sight.
An enhancement of the emission coming from the back of the accretion disks of some
cataclysmic variables was noted by many observers (see review by Livio 1993). Some
theoretical studies indicate that high, free flowing gas could pass over the white dwarf
and hit the back side of the disk (Lubow & Shu 1976; Lubow 1989). In this case, the
azimuth angle of the region of “secondary interaction” should be about 140◦–150◦ for a
wide range of the system’s parameters, while the distance from the accreting component
will change from 0.02 to 0.18 of the system’s size, depending on the mass ratio (Lubow
1989). The appropriate phase of the cross of the line-of-sight by this bright spot must
be about 0.6. This is where our observed bright spot is found!
In addition, recent numerical hydrodynamic calculations point to a possible difference
in the thickness of the outer edge of the accretion disk in a close binary system. For
example, Meglicki et al. (1993) identified three thicker regions of the disk at phases 0.2,
0.5, and 0.8. Armitage & Livio (1996) also pointed to a possible transfer of the stream
matter above the plane of the accretion disk and an increase in the number of atoms
along the line-of-sight relative to the average level at phases 0.1–0.2 and 0.7–1.0. Thus,
the second bright region of FS Aur can be connected with one of the accretion disk’s
thickening regions found by Meglicki et al. (1993). The mechanism of the increase of
its luminosity is not quite clear, but it is probably attributable to ionization by emission
from the inner disk’s region.
The nature of the ring-shaped structure visible on Hγ and He II tomograms remains
completely unintelligible. As was already noted above, this structure cannot be connected
with the accretion disk, as its size should be so large, that it cannot lie in the Roche
lobe of the white dwarf. Another possible site of origin is a nebula. However, the radial
velocity of the nebula’s center should coincide with the systemic velocity of the binary. In
our case though the velocities are close, but still noticeably different. We again come to
the conclusion, that new and more better quality data for the explanation of this puzzle
are necessary.
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6. Summary
In this paper we present the results of non-simultaneous time-resolved photometric and
spectroscopic observations of the little-studied dwarf nova FS Aur in quiescence. We
have obtained the following results:
• The spectrum of FS Aur shows strong and broad emission lines of hydrogen and He I,
and of weaker He II λ4686 and C III/N III blend, similar to other quiescent dwarf
novae;
• All emission lines in the spectrum of FS Aur are single-peaked, however their form
varies with orbital phase;
• Absorption lines from a late-type secondary are not detected;
• From the radial velocity measurements of the hydrogen lines Hβ and Hγ we have
determined a most probable orbital period P=0.d059 ± 0.d002. This period agrees
well with the 0.d0595 ± 0.d0001 estimate by TPST. On the other hand, the period of
photometric modulations is longer than the spectroscopic period and can be estimated
as 3 hours. Longer time coverage during a single night is needed to resolve this
problem;
• Using the semi-amplitude of the radial velocities, obtained from measurements of
hydrogen and helium lines, and some empirical and theoretical relations we limited
the basic parameters of the system: the mass ratio q ≥ 0.22, the primary mass
M1 = 0.34 − 0.46M⊙, the secondary mass M2 ≤ 0.1M⊙, and the inclination angle
i = 51◦ − 65◦;
• Doppler tomography has shown at least two bright regions in the accretion disk of
FS Aur. The first, brighter spot is located at a phase of about 0.6. The second
spot is located opposite the first one and occupies an extensive area at phases about
0.85− 1.15.
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Fig. 2. The variation of the Hβ line profile around the orbit. The presence of a broad
base component and a narrow line component is evident. There are orbital variations in
the line profile. The narrow component remains practically symmetrical throughout an
orbital cycle, but on the blue wing of the broad component at phases about 0.75 – 0.9
there appears a hump.
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Fig. 3. The degree of asymmetry of the emission line Hβ folded on the adopted period
of 0.d0595. The degree of asymmetry is the ratio between the areas of blue and red parts
of the emission line. This parameter is very similar to the V/R ratio for double-peaked
emission lines. The degree of asymmetry was calculated for two values of the wavelength
range of the line wings (left-hand frame, upper panel for a wavelength range of 13 A˚,
and lower panel for a wavelength range of 30 A˚). On the right-hand frame are shown
some profiles of the Hβ line with the marked wavelength range used for determination
of the degree of asymmetry. One can see that central narrow component of line remains
practically symmetrical throughout an orbital period, showing only slight skewness to the
right from time to time. The broad base component of the line shows strong variability,
and it becomes quite asymmetric at a phase of about 0.9.
V.V. Neustroev: Time-resolved spectroscopy and photometry of FS Aur 17
                                        
                                        
                                        
                                        
                                        
                                        
492.35 492.40 492.45 492.50
16.1
16.0
15.9
15.8
15.7
15.6
 
 
 Feb. 12, 1997 (JD 2450492)
V
 m
ag
ni
tu
de
Time (HJD-2450000)
733.55 733.60 733.65 733.70 733.75
 Oct. 11, 1997 (JD 2450733)
Fig. 4. Light curves of FS Aur on February 12, 1997 (closed circles, bottom X axis) and
October 11, 1997 (open circles, top X axis).
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Fig. 5. The radial velocity curve of the Hβ and Hγ emission lines, derived from a single
gaussian fitting method. To obtain an estimate of the period, a sine curve fit was made
to the velocities, giving P=0.d059 ± 0.d002 for both Hβ and Hγ
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Fig. 6. The diagnostic diagram for the Hβ (left panel) and Hγ (right panel) data, showing
the response of the fitted orbital elements to the choice of the double-gaussian separation.
The best fit is reached with gaussian separations of ≈1500 km s−1 for Hβ and of ≈1300
km s−1 for Hγ .
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Fig. 7. The Hβ (closed circles) and Hγ (open circles) radial velocities measured using
the double-gaussian method folded on the orbital period. All data are plotted twice for
continuity. The K-velocity is 73±10 km s−1 and 73±15 km s−1 respectively.
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Fig. 8. The variation of the Hβ equivalent widths with orbital period. Open circles
shows individual values, filled circles with dotted line show data which were obtained by
averaging adjacent data points. The data are plotted twice for continuity.
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Fig. 9. Doppler tomograms for the Hβ (left) and Hγ (right) emission lines of FS Aur.
These maps display a roughly symmetric and very nonuniform distribution of the emis-
sion centered near to the white dwarf. In addition to the symmetric distributed emission,
at least two additional emission sources can be seen. The first, brighter enhanced emis-
sion component is roughly centered at (Vx ≈ −100 km s
−1, Vy ≈ −260 km s
−1) (the
appropriate phase of the cross of the line-of-sight to this bright region is about 0.6). The
second source is located opposite the first one and occupies an extensive area at phases
about 0.85−1.15. In addition, the tomogram of Hγ shows an emission ring with a radius
of about 225 km s−1, which is centered at (Vx ≈ 0 km s
−1, Vy ≈ −20 km s
−1). In the
center of this ring there is a compact bright spot.
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Fig. 10. Doppler tomograms for the He Iλ4471 (left) and He II λ4686 (right) emission
lines of FS Aur. The main emission source in He Iλ4471 is the first bright spot visible in
Hβ (Fig. 9). The tomogram of He II shows an emission ring with a radius of about 225
km s−1, which is centered at (Vx ≈ 0 km s
−1, Vy ≈ −20 km s
−1). In the center of this
ring there is a compact bright spot, which is a quite bright source.
